Models and methods to determine the absolute binding energy of 4f -shell electrons in lanthanide dopants will be combined with data on the energy of electron transfer from the valence band to a lanthanide dopant. This work will show that it provides a powerful tool to determine the absolute binding energy of valence band electrons throughout the entire family of insulator and semiconductor compounds. The tool will be applied to 28 fluoride, oxide, and nitride compounds providing the work function and electron affinity together with the location of the energy levels of all divalent and all trivalent lanthanide dopants with an accuracy that surpasses that of traditional methods like photoelectron spectroscopy. The 28 compounds were selected to demonstrate how work function and electron affinity change with composition and structure, and how electronic structure affects the optical properties of the lanthanide dopants. Data covering more than 1000 different halide (F, Cl, Br, I), chalcogenide (O, S, Se), and nitride compounds are available in the archival literature enabling us to routinely establish work function and electron affinity for this much wider collection of compounds.
I. INTRODUCTION
The electronic structure of insulators and semiconductors together with the location of impurity states within the band gap are crucial for the performance of impurity activated compounds as functional materials. [1] [2] [3] [4] Traditionally, photoelectron spectroscopy techniques are used to determine the electron binding energies in the upper band states of compounds. 2, [5] [6] [7] It requires ultrahigh vacuum and the properties close to the surface are probed. One has to deal with surface effects, sample charging, contact potentials, and limited resolution leading to substantial systematic and random error. Band structure calculations are also not at a level to accurately, say within a few 0.1 eV, determine electron binding energies. Yet such information is highly desired. For example, in semiconductor technology, knowledge on electron and hole transfer across a heterojunction is important. The valence and conduction band offsets (VBO and CBO) at the interface then play an important role. 8 To reduce gate leakage currents, high dielectric constant oxides are needed to replace SiO 2 in complementary metal oxide silicon (CMOS) transistors. 9, 10 The CB offset with Si is one of the key criteria in the selection of such replacement. Knowledge of the bulk electronic structure of oxides, particularly a model that predicts and relates band offsets with chemical trends, is required. The same applies in the field of solar hydrogen production by means of water splitting in photoelectrochemical cells (PEC) utilizing inorganic photoanodes; the anode conduction and valence band edges should "straddle" the reduction and oxidation potentials of water. 11, 12 The past decade has witnessed much progress in our understanding and modeling of the placement of the lanthanide energy levels with respect to the valence band in inorganic compounds. 2, 3, [13] [14] [15] Those models employ the wealth of data available on optical transitions between the host bands and lanthanide impurity states. In this work those models and data are combined with the chemical shift model that was presented in Ref. 16 . The chemical shift model provides a method or a tool to determine the electron binding energies relative to the vacuum, i.e., it provides the minimum energy needed to bring an electron from an electronic state to the vacuum at infinite distance. Here we will demonstrate that the tool can be used throughout the entire family of inorganic compounds (halides, chalcogenides, pnictides) which then provides the work function and electron affinities on a routine basis. For this purpose 28 different compounds were selected to demonstrate that the results from the chemical shift model are fully consistent with information derived from other well established experimental techniques.
II. MODELS AND THEORY
Various empirical models, as reviewed in Ref. 15 , were developed in the past 15 years to explain and predict the spectroscopic properties of divalent and trivalent lanthanide impurities in inorganic compounds. It turns out that those properties, i.e., the energy of electronic transitions within a lanthanide ion or between a lanthanide ion and the host valence and conduction bands, change in a very systematical and therewith predictable fashion with the number n of electrons in the 4f shell of such a lanthanide ion. Such systematical fashion can be conveniently illustrated with a socalled host referred binding energy (HRBE) scheme. Figure 1 , with the right-hand energy scale, shows the HRBE of 4f -shell electrons of all divalent and all trivalent lanthanide ions in YPO 4 . 16 The ground state 4f -shell electron binding energies, or equivalently the Ln 2+/3+ or Ln 3+/4+ donor/acceptor level locations, follow characteristic double zigzag curves with an increase in the number n of electrons in the 4f shell. The lower double zigzag curve connects the ground state energy of the trivalent lanthanides and the upper one of the divalent ones. When ground state energies are known, the rich level scheme of excited 4f states can also be drawn. The scheme shows for example that the ground state of Ce 3+ (n = 1) is located 3.8 eV above the top of the valence band E V . This means that the electron at the top of the valence band is 3.8 eV more strongly bonded than an electron in the 4f -ground state of Ce 3+ , or in other words, it requires 3.8 eV more energy to remove an electron from the top of the valence band than from the 4f shell of Ce 3+ . The shapes of the two double zigzag curves are invariant within a few 0.1 eV through the entire family of inorganic compounds (halides, chalcogenides, and pnictides). This was evidenced by experimental data covering many different compounds, 3, 13, 16 and it was explained by the chemical shift model presented in Ref. 16 . It implies that one only needs to pin the 4f -shell electron binding energy for one divalent (usually Eu 2+ ) and one trivalent (usually Ce 3+ ) lanthanide relative to the valence band to construct such a HRBE scheme with the binding energies in all lanthanide impurity ground and excited states.
To construct a vacuum referred binding energy (VRBE) scheme with the left-hand energy scale in Fig. 1 Fig. 1 ) yields with Eq. (1), E 4f (7,2 + ,A) = −4.1 eV. This value then pins the entire HRBE scheme for YPO 4 to the vacuum level expressed by the left-hand energy scale in Fig. 1 . U (6,A) can be obtained from lanthanide spectroscopy and appears about 7.6 to 7.3 eV in poorly polarizable fluoride compounds, 7.3 to 6.5 eV in oxide compounds, and 6.3 to 6.1 eV in sulfide compounds. 17 Equation (1) then teaches that E 4f (7,2 + ,A) varies from −4.4 eV in fluorides to −3.7 eV in sulfides. It is therefore quite invariant through the entire family of inorganic compounds. This finding shows much similarity with the internal reference rule for transition metal (TM) impurities 18, 19 which states that within a class of similar compounds the VRBE of a TM-impurity d-electron ground state is nearly constant. Later the rule was proposed to apply also to the 4f -electron ground states of lanthanide impurities. 20, 21 However, the rule appeared not very strong and Malguth et al. 1 in their review on Fe impurity states in III-V and II-VI semiconductors concluded that the rule holds to a certain extent inside a materials group but between different materials groups it only provides a rough trend. Whereas the internal reference rule stems from experimental observation without further theoretical explanation or derivation, the chemical shift model generates Eq. (1) which actually explains why an internal reference rule should apply in some cases, but it also explains why it is bound to fail in other cases.
Knowledge on E 4f (7,2 + ,A) pins the entire HRBE scheme and therefore provides a tool to determine the energy E V (A) at the top of the valence band. That same energy can be determined independently from photoelectron spectroscopy studies on the pure host compounds, and such data can then be used to validate Eq. (1). For E V (A), that is equivalent to the work function (A), one may write
where E CT (6,3 + ,A) is the energy needed to bring an electron from the top of the valence band into the 4f shell of Eu luminescence excitation spectra. Much data on E CT (6,3 + ,A) are available in literature. 22 They have been gathered and are shown in Fig. 2 against a seven-digit compound classification number that reflects compositional and structural properties of the compound. 23 In fluoride compounds E CT is largest, about 7-8 eV, and it decreases when going to chloride, bromide, and iodide compounds. Since E 4f (7,2 + ,A) is relatively constant, this immediately demonstrates that E CT (7,2 + ,A) reflects variations in E V (A). The insets of Fig. 2 show an exploded part of the data on the oxides and the borate compounds, and it shows that both the chemistry and the structure of the compound affect the value of E CT . Once E V (A) is available, the energy E C (A) at the bottom of the conduction band is obtained with
where E ex (A) is the energy of exciton creation in the host compound. As rule of thumb, E C (A) is assumed at 8% higher energy in order to account for the electron and hole binding energy in the exciton. The electron affinity χ (A) in Eq. (3) is equivalent to the binding energy at the bottom of the conduction band. Like for E CT (6,3 + ,A), data on E ex (A) are available on many hundreds of compounds, a large part of which was compiled in Ref. 22 .
III. THE REQUIRED INPUT DATA
In order to construct a 4f -VRBE scheme like in Fig. 1 using Eqs. (1), (2) , and (3), one needs information on the three host dependent values U (6,A), E CT (6,3 + ,A), and E ex (A). They are compiled in Table I for the 28 different compounds that were selected to evidence Eq. (1) and to demonstrate the potential of the tool presented. In determining E ex one should take great care because it is very easily underestimated. Ideally, host exciton creation is evidenced by a distinct band in the excitation spectrum of intrinsic or excitonic emission of the pure host compound. However, compounds always contain impurities and defects, and excitons created near those defects may appear at several 0.1 eV of lower energy.
Excitation and emission bands narrow at low temperature, say 10 K, and this facilitates better identification of the host exciton band. When also time resolved excitation spectra are available, even better assignments can be made. Comparing excitation spectra of undoped and intentionally doped compounds with each other may further help in an unambiguous discrimination between genuine host excitonic bands, near defect excitonic bands, and defect excited states. All those methods were applied for the compounds in Table I in order to assign the proper value to E ex (A). Due to lattice expansion, the host exciton creation energy depends slightly on temperature; it tends to increase on cooling from room temperature to 10 K. In wide band gap compounds the shift can be as large as −1 meV/K, whereas in covalent semiconductors such as Si or Ge the shift appears smaller (−0.22 and −0.44 meV/K). 24 The listed values for E ex pertain to the energy at the peak of the exciton creation band at low temperatures of typically 10 K. In the cases where only room temperature E ex values were retrieved from literature, a ≈3% correction was made; those data are listed in italic font.
Information to deduce E ex for GdF 3 was not found. The value of 10.9 eV in Table I O 19 reveal the host exciton band at 7.7 eV at room temperature and 7.9 eV at 10 K.
Column 4 in Table I lists the E CT (6,3 + ,A) CT energies as derived from or reported in the cited references. Information on the CT energy for Eu 3+ in LuF 3 was not found; a value of 8.0 eV was tentatively assumed. It is based on the value for the other three REF 3 compounds, and on the trend of larger CT energy with a smaller size of the host lattice site. 22 Similarly a value of 8.2 eV was assumed for LiLuF 4 The value for U (6,A) in column 8 of Table I can be derived by constructing a host referred binding energy scheme. Such a method, however, often cannot provide U (6,A) with better accuracy than ±0.2 eV. In a separate study 17 an empirical relationship between the value for U (6,A) from 035118-3 
where 6.35 eV is the average energy of the five 5d levels above the 4f -ground state in the free Ce 
Data on the centroid shift with ±0.05 eV accuracy are available for Ce 3+ in about 150 different compounds. 33, 34 One may now use the accurate value for the centroid shift to derive the value for U (6,A) using Eq. (5). In Table I the thus derived U (6,A) values are listed. For the compounds where the centroid shift c (A) is not known, one has to determine U (6,A) from the constructed HRBE scheme. Since both the centroid shift and U (6,A) change in a very systematic fashion with the composition of the compound, 33 one may also estimate U (6,A) fairly well. Table I compiles the redshift D(3 + ,A) of the Ce 3+ 4f -5d 1 excitation band defined as
Column 6 of
where 39 Similarly, the redshift for AlN was obtained from Pr 3+ and Tb 3+ data. The redshift in GaN is not known.
IV. RESULTS AND DISCUSSION
The abundance of data that is available on E CT (6,3 + ,A), E ex (A), and that can be obtained for U (6,A), combined with Eq. (1) provide a tool not only to establish 4f VRBEs of lanthanide impurities but also to determine E V (A) and E C (A) of the inorganic or organic host compound. Figure 3 035118-4 Fig. 2 and arrow 3 in Fig. 3) , brings E V (fluorides) near −12 eV, which agrees with XPS results. [5] [6] [7] There are small but significant and systematic variations in E V . Variations that will be hard or impossible to observe with photoelectron spectroscopy techniques because of limited accuracy. E V of the REF 3 (RE = La, Gd, Y, Lu) compounds shows a slight decrease from −11.8 to −12.4 eV when the size of the lanthanide ion decreases from La 3+ to Lu 3+ . A similar trend is observed for the scheelites LiREF 4 , and the AEF 2 (AE = Ba, Sr, Ca) compounds with fluorite structure. The energy E C behaves opposite; it increases with the smaller size of the cation. This is all a manifestation of the Madelung potential in highly ionic compounds that raises E C and lowers E V when the lattice parameter decreases. In the very wide band gap compound LiCaAlF 6 , the chemical shift model applied to the available spectroscopic data even leads to a negative electron affinity of −0.6 eV.
The energy difference E dC between E C and the Ce 3+ 5d 1 VRBE (see arrow 4 in Fig. 3 ) determines the stability of 5d 1 -4f emission against quenching by thermal ionization of the 5d electron to the conduction band. Such quenching starts already at room temperature in LaF 3 but emission is stable up to 900 K in LiYF 4 , 40 which is all consistent with the level locations in Fig. 3 . This all provides evidence that the tool presented in this work based on Eq. (1) provides electronic schemes consistent with observation. For CdF 2 and PbF 2 there is not enough spectroscopic data to construct a 4f -HRBE scheme. However, one may proceed differently by employing the gained knowledge that the 4f VRBE for Eu 2+ must be close to −4.3 eV; the typical value for fluoride compounds. By further using that the Eu 2+ EPR signal in CdF 2 :Eu disappears due to thermal ionization of Eu 2+ with a 0.35 eV activation energy barrier, 36 one arrives at E C ≈ −3.9 eV. This value is in excellent agreement with the known electron affinity (see arrow 5) of 4.0 eV. 41 Next with E ex = 7.8 eV 42 (arrow 6) one arrives at E V = −12.3 eV, which is close to that of CaF 2 and agrees well with XPS data. 5 Eu enters PbF 2 as trivalent and only after prolonged x-ray irradiation at 77 K can it be reduced to Eu 2+ evidenced by a characteristic Eu 2+ EPR signal. 43 This suggests that the Eu 2+ level is even closer to E C than in CdF 2 , which brings in Fig. 3 Figure 3 now reveals that the 5d 1 VRBE for Ce 3+ (and also for all other divalent and trivalent lanthanides) in CdF 2 and PbF 2 is well above E C ; indeed lanthanide 5d-4f emission is never observed in these compounds. CdF 2 and PbF 2 very nicely demonstrate how information from photoelectron spectroscopy, optical spectroscopy, and EPR can be combined to establish the electronic structure. The conclusion is that Eq. (1) applied to fluoride compounds provides values for E V and E C that are fully consistent with what is experimentally known from XPS techniques.
To demonstrate that Eq. (1) applies equally well to compounds other than the highly ionic fluorides, Fig. 4 shows binding energies in various aluminate and gallate compounds. For the oxides, the Eu 2+ 4f VRBE is near −4.0 eV, and E V varies between −9.7 and −7.8 eV. The 2 to 4 eV difference with the fluoride compounds is all consistent with the well-known fact that electrons in the O 2− 2p 6 -valence band are less strongly bonded than those in F − . The rare earth (pseudo)-perovskites REAlO 3 (RE = La, Gd, Y, Lu) demonstrate like in Fig. 3 The level energies for the two compounds with magnetoplumbite structure are added because they show a large (≈4.7 eV) 4f -5d 1 energy difference which is caused by an exceptionally small crystal field splitting of the 5d states. On the other hand, in the garnets, crystal field splitting is exceptionally large leading to small 4f -5d 1 energy difference and relatively long wavelength (≈550 nm) Ce 3+ emission (arrow 2). For Al 2 O 3 one may use E V = −9.8 eV from Ref. 9 and with E ex from optical studies then E C is found at −0.1 eV. Although sufficient spectroscopic information of lanthanides in Al 2 O 3 to construct a VRBE scheme is not yet available, one may already predict it quite well by taking U (6,A) similar to that for the magnetoplumbites.
Many studies, both experimental and theoretical, on establishing E V and E C of AlN and GaN and the band offsets at AlN/GaN heterojunctions have appeared (see, e.g., Ref. 48 and references therein). Activated with lanthanides these compounds are of much interest to develop the next generation of lighting systems with even better energy efficiency than that of LED phosphors. 49, 50 4f HRBE schemes for the lanthanides in these compounds were published in Refs. 51 and 52. Together with revisions suggested in Ref. 3 and the ideas from the chemical shift model, they can be converted into 4f -VRBE schemes resulting in the level energies on the right-hand side in Fig. 4 . The difference of 0.4 eV between E V (AlN) and E V (GaN) agrees with experimental and theoretical values obtained independently. 48 Again Eq. (1) proposed in Ref. 16 provides VRBE schemes that are fully consistent with available experimental data.
V. SUMMARY AND CONCLUSIONS
Figures 3 and 4 provide only a small cross section through the family of inorganic compounds and only with the levels for Eu 2+ and Ce 3+ . Yet, the data provided for each compound are sufficient to generate a 4f -VRBE scheme with the full richness of information as in Fig. 1 . Such schemes predict and explain electron transfer phenomena between a lanthanide impurity state and host states, and from one lanthanide impurity to another. Luminescence quenching, charge carrier storage, photochromic properties, and photoconductivity are all determined by such electron transfer. The past 5 years show an increased research activity on compounds doped with two different lanthanide ions, and then those schemes are important to make a proper interpretation of the results; they even enable deliberate design. 14 A HRBE scheme is constructed by cross-relating data pertaining to different lanthanides in the same compound, and by exploiting the universal shape of the double zigzag binding energy curves in Fig. 1 . A VRBE scheme is then constructed utilizing the U (6,A) value from that HRBE scheme, or obtained otherwise, and exploiting Eq. (1). This has been done for the 28 compounds of Figs. 3 and 4 but can be done for all 500 compounds of Fig. 2 , and by utilizing spectroscopic information other than E CT data can be done for many more compounds; the data needed are already available. With Figs. 3 and 4 some trends with structural and chemical properties were briefly addressed. The purpose and challenge is to arrive at a collection of binding energy schemes pertaining to about, say, 1000 different insulators and semiconductors that is consistent with available data from different disciplines of science. The data and trends in E V and E C with composition and structure can then provide guidance in the search for compounds with desired electronic properties like in the field of thin film heterojunctions with, e.g., Si, and in the field of photoelectrochemical cells for water splitting. As illustrated, the binding energies E V (Si) = −5.15 eV 53 and E C (Si) for pure silicon and the relevant reduction potentials for water splitting are shown by the dashed lines a and b in Fig. 4 . Now that a method to generate a 4f -VRBE scheme for lanthanide doped compounds is available, one may start to develop similar models and methods to determine the VRBE of other impurities like actinides with partly filled 5f shells, transition metal elements with partly filled d shells, and Tl + , Pb 2+ , and Bi 3+ with a filled outer 6s 2 shell. This is a more challenging task because the d-shell and s-shell electrons are less contracted and less shielded than f -shell electrons are, and they will have more complicated interactions with the chemical environment. Nevertheless, it will be extremely interesting to have knowledge on where to expect the VRBEs of electrons in transition metal or 6s 2 impurity states with respect to that in the lanthanide states. One may then better understand and predict properties of compounds activated with, for example, a lanthanide together with a transition metal element; a functional materials research field that is largely unexplored.
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